With the rapid increase in cancer survival because of improved diagnosis and therapy in the past decades, cancer treatment-related cardiotoxicity is becoming an urgent healthcare concern. The anthracycline doxorubicin (DOX), one of the most effective chemotherapeutic agents to date, causes cardiomyopathy by inducing cardiomyocyte apoptosis. We demonstrated previously that overexpression of the cyclin-dependent kinase (CDK) inhibitor p21 promotes resistance against DOXinduced cardiomyocyte apoptosis. Here we show that DOX exposure provokes cardiac CDK2 activation and cardiomyocyte cell cycle S phase reentry, resulting in enhanced cellular sensitivity to DOX. Genetic or pharmacological inhibition of CDK2 markedly suppressed DOX-induced cardiomyocyte apoptosis. Conversely, CDK2 overexpression augmented DOX-induced apoptosis. We also found that DOX-induced CDK2 activation in the mouse heart is associated with up-regulation of the pro-apoptotic BCL2 family member BCL2-like 11 (Bim), a BH3-only protein essential for triggering Bax/Bak-dependent mitochondrial outer membrane permeabilization. Further experiments revealed that DOX induces cardiomyocyte apoptosis through CDK2-dependent expression of Bim. Inhibition of CDK2 with roscovitine robustly repressed DOX-induced mitochondrial depolarization. In a cardiotoxicity model of chronic DOX exposure (5 mg/kg weekly for 4 weeks), roscovitine administration significantly attenuated DOX-induced contractile dysfunction and ventricular remodeling. These findings identify CDK2 as a key determinant of DOX-induced cardiotoxicity. CDK2 activation is necessary for DOX-induced Bim expression and mitochondrial damage. Our results suggest that pharmacological inhibition of CDK2 may be a cardioprotective strategy for preventing anthracycline-induced heart damage.
Over the last three decades, advances in cancer therapy have led to a remarkable drop in mortality rates and, consequently, a rapid increase in the number of cancer survivors, which is expected to reach more than 20 million in the United States by 2026 (1) . Many of these cancer survivors suffer from treatmentrelated cardiac complications later in life, and cardiovascular disease has become the second leading cause of death in this patient population, immediately following recurrent malignancy (2) . A prototypical example of anticancer treatmentrelated cardiotoxic side effects is cardiomyopathy caused by the widely used anthracycline doxorubicin (DOX). 2 Mechanistically, DOX induces DNA double-strand breaks through formation of the topoisomerase 2␤-DOX-DNA ternary cleavage complex, leading to apoptotic death of cardiomyocytes (3) . Intercalation of DOX into DNA causes eviction of histone, including H2AX, from open chromosomal regions, resulting in alteration of the transcriptome and attenuation of DNA damage repair (4) . In addition, DOX also preferentially accumulates in mitochondria, increasing mitochondrial iron levels and inducing generation of reactive oxygen species (5) . To date, the only Food and Drug Administration-approved cardioprotective agent for anthracycline chemotherapy is dexrazoxane, which exerts its protective function by inducing proteasomal degradation of topoisomerase 2␤ and/or reducing mitochondrial iron levels (2, 5) . However, dexrazoxane has not been broadly used in clinical practice because it may potentially compromise the antitumor activity of anthracyclines (2) . Further understanding the molecular mechanisms of DOX-induced cardiotoxicity is therefore warranted for the development of effective cardioprotective strategies.
Activation of the intrinsic apoptosis pathway is a major mechanism underlying DOX-induced cardiotoxicity (2) . In response to irreparable DNA damage following DOX exposure, cardiac myocytes initiate the endogenous apoptosis program that involves Bax/Bak activation, mitochondrial outer membrane permeabilization, cytochrome c release, and caspase-dependent cleavage of essential cellular proteins (6) . The apoptosis process is regulated by a plethora of signaling cascades at multiple levels. We reported previously that the Cip/Kip family cyclin-dependent kinase (CDK) inhibitor p21 plays a critical role in protection of mitochondrial integrity and inhibition of DOX-induced cardiomyocyte apoptosis (7) . It is widely known that p21 mediates growth arrest by inhibiting the kinase activities of a wide range of CDKs, including CDK2 and CDK1, as well as interfering with proliferating cell nuclear antigendependent DNA polymerase activity (8) . Emerging evidence suggests that p21 also regulates gene expression and additional biological events through direct protein-protein interactions that are independent of CDK and proliferating cell nuclear antigen (8) . At present, it is still unclear whether p21 exerts cardioprotection through inhibition of CDK activity, and its potential targets in DOX-induced cardiotoxicity remain to be characterized.
The mammalian CDK family includes 20 members that are divided into two groups: cell cycle-related CDKs, comprising three subfamilies represented by CDK1, CDK4, and CDK5, and transcriptional CDKs, comprising five subfamilies represented by CDK7, CDK8, CDK9, CDK11, and CDK20 (9) . Among the CDK1 subfamily members, CDK1 is essential for cell cycle progression through G 2 /M phase (major events include karyokinesis and cytokinesis), whereas activation of CDK2 triggers cell cycle transition from G 1 to S phase and induces DNA synthesis/ replication. It has been reported that adult cardiomyocyte DNA synthesis is dramatically induced by myocardial injury (10) , suggesting that the S phase-driving kinase CDK2 may potentially regulate the cardiac stress response. In this study, we explored the role of CDK2 in DOX-induced cardiac toxicity and demonstrated that DOX exposure induced cardiomyocyte apoptosis and cardiomyopathy through activation of CDK2.
Results

DOX induced CDK2 activation in mouse heart and cultured cardiomyocytes
We previously demonstrated that DOX-induced cardiomyocyte apoptosis was suppressed by the Cip/Kip family CDK inhibitor p21 (7) , which mediates G 1 /S cell cycle arrest primarily by inhibiting the kinase activity of CDK2 (8) . To determine whether CDK2 might play a role in DOX-induced cardiotoxicity, we first measured CDK2 activity in the mouse heart 24 h following a single DOX injection (5 mg/kg) according to a recent study (11) . Western blot analysis of heart lysates revealed that DOX treatment robustly increased the level of phospho-CDK2 (Thr-160, Fig. 1A ), a reliable marker of CDK2 activation (12, 13) . Interestingly, total CDK2 protein levels were also elevated, although a greater increase was observed in the p39 isoform than in p33 CDK2 ( Fig. 1A ). Intraperitoneal injection of DOX at 20 mg/kg, a higher dose widely used in previous studies of DOX cardiotoxicity (14) , also induced myocardial CDK2 activation ( Fig. S1A ). Following DOX administration, phospho-CDK2 (Thr-160) was primarily detected in cardiomyocyte nuclei ( Fig. 1B, red arrows) .
To determine whether DOX treatment induced cardiomyocyte CDK2 activation in a cell-autonomous fashion, primary neonatal rat cardiomyocytes (NRCMs) were incubated with DOX (1 M) for 4 or 24 h. Consistent with our in vivo results, DOX treatment dramatically increased the phospho-CDK2 (Thr-160) level at both time points ( Fig. 1C ). At 24 h after DOX treatment, phospho-CDK2 (Thr-160)-positive cardiomyocytes were also labeled with TUNEL ( Fig. 1C) , an indicator of DNA strand breaks generated during apoptosis, suggesting that CDK2 activation was associated with cardiomyocyte apoptosis. An in vitro kinase assay with histone H1 as a substrate revealed that CDK2-associated kinase activity was significantly elevated in NRCMs following DOX exposure ( Fig. 1D ). To rule out the possibility that DOX directly binds and activates CDK2, we performed an in vitro cell-free kinase assay and found that CDK2 activity was not increased after addition of DOX ( Fig.  S1B ), indicating that DOX-induced cardiac CDK2 activation likely involves additional signaling molecules. Moreover, the mRNA levels of p39 and p33 CDK2s were significantly increased after DOX treatment for 4 h, and the p39 transcript remained elevated above baseline for up to 24 h ( Fig. 1E ). Consistently, DOX treatment induced a time-dependent increase in p39 protein that peaked at 16 h and a transient up-regulation of the p33 isoform of CDK2 ( Fig. 1F and Fig. S1C ). A similar trend was observed in H9c2 cells, a myoblast cell line derived from the rat heart ( Fig. S1D ). Up-regulation of both p33 and p39 CDK2 precedes cleavage of poly(ADP-ribose) polymerase (PARP, Fig.  1F ), a caspase substrate that is cleaved upon induction of apoptosis, suggesting that CDK2 may play a role in the initiation of DOX-induced apoptosis.
Nuclear localization of CDK2 is necessary for its enzymatic activation and cellular function because the majority of CDK2 substrates reside in the nucleus (13) . Immunofluorescence staining of cardiomyocytes revealed that CDK2 predominantly localized in the cytoplasm and that DOX treatment resulted in a strong increase in nuclear CDK2 ( Fig. S1E ). To further examine whether DOX induced nuclear translocation of CDK2, NRCMs were treated with DOX for 4 or 24 h, and subcellular fractionation revealed that DOX induced significant increases in nuclear p33 and p39 CDK2s at 4 and 24 h, respectively (Fig. S1F). By contrast, cytosolic CDK2 levels were not significantly changed, suggesting that the DOX-induced increase of nuclear CDK2 was not caused by translocation from the cytosol to nuclei but were likely due to de novo protein synthesis.
DOX-induced CDK2 activation promoted cardiomyocyte cell cycle S phase reentry
It is well-known that CDK2 activation drives cell cycle G 1 /S transition (8) . To determine whether DOX-induced CDK2 activation promotes cell cycle progression, NRCMs treated with DOX were subjected to cell cycle analysis using flow cytometry. Remarkably, DOX treatment resulted in an astounding increase in cardiomyocytes in S phase in a time-dependent manner as well as an accumulation of cardiomyocytes with more than 4N ploidy at 24 h (Fig. 2, A and B, and Table S1). A defining feature of cell cycle S phase is de novo DNA synthesis, which can be evaluated by incorporation of the thymidine analog 5-ethynyl-2Ј-deoxyuridine (EdU) into DNA. Therefore, NRCMs were incubated with EdU at the end of DOX treatment to detect active DNA synthesis. In agreement with our cell cycle profile data, DOX treatment robustly induced EdU incorporation into cardiomyocyte DNA (Fig. 2 , C and D), suggesting that CDK2 inhibition alleviates doxorubicin cardiotoxicity DOX exposure enhanced cell cycle activity and resulted in cardiomyocyte S phase reentry. To further examine whether CDK2 activation is necessary for DOX-induced S phase reen-try, cardiomyocyte CDK2 was inactivated by incubation with roscovitine, a small-molecule CDK inhibitor, prior to challenge with DOX. As expected, roscovitine markedly reduced EdUpositive cardiomyocytes following DOX treatment (Fig. 2 , C and D). Together, these results suggested that DOX induced cardiomyocyte S phase reentry and new DNA synthesis through activation of CDK2. Interestingly, S phase reentry was associated with early apoptotic morphological changes such as cardiomyocyte shrinkage and rounding ( Fig. 2C, arrows) , indicating a direct connection between cell cycle progression and apoptosis. Our data are in agreement with previous findings that cell cycle reentry is a critical component of DNA damageinduced apoptosis in postmitotic neurons (15) .
Inhibition of CDK2-dependent S phase reentry protected against DOX-induced cardiomyocyte apoptosis
It has long been appreciated that DOX exhibits cell cycledependent cytotoxicity, with cells in S phase being more sensitive than those in G 1 phase (16) . Indeed, inhibition of S phase Figure 1 . DOX induced CDK2 activation in mouse heart and cultured cardiomyocytes. A, mice received a single injection of DOX (5 mg/kg, i.p.) or an equal volume of saline, and hearts were harvested at 24 h (n ϭ 3/group). Heart protein lysates were immunoblotted using the indicated antibodies with GAPDH as a loading control. Values are mean Ϯ S.D. and were analyzed using two-tailed Student's t test. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. B, immunofluorescence staining for phospho-CDK2 (Thr-160, green), cardiac troponin T (cTnT, gray) and nuclei (4Ј,6-diamidino-2-phenylindole (DAPI), blue) in the mouse heart 24 h after DOX injection (5 mg/kg, i.p.). Phospho-CDK2 (Thr-160) predominantly localized in nuclei of cardiomyocytes (red arrows) but not in nonmyocytes (yellow arrowheads). C, immunofluorescence staining for phospho-CDK2 (Thr-160, green), cTnT (gray), and nuclei (DAPI, blue) in NRCMs treated with DOX (1 M) for 0, 4, or 24 h. Apoptosis was evaluated by TUNEL staining (red). D, NRCMs were treated with DOX (1 M) for 0, 4, or 24 h. Cell lysates were immunoprecipitated with an anti-CDK2 antibody, and CDK2-associated kinase activity was determined by the luminescent signal intensity from the ADP-Glo kinase assay (n ϭ 3). **, p Ͻ 0.01 versus time 0. E, qRT-PCR analysis of CDK2 mRNA levels in NRCMs treated with DOX (1 M) for 0, 4, or 24 h (n ϭ 3). Data were normalized to levels of 18S rRNA. One-way ANOVA with Tukey test; *, p Ͻ 0.05; ***, p Ͻ 0.001 versus time 0. F, NRCMs were treated with DOX (1 M) for various periods of time (n ϭ 3-4). Cell lysates were immunoblotted using the indicated antibodies. One-way ANOVA with Tukey post hoc test; *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 versus time 0. Table S1 . C and D, NRCMs were pretreated with vehicle or the pharmacological CDK2 inhibitor roscovitine (50 M) for 1 h prior to treatment with DOX (1 M) for 0, 4, or 24 h. Cells were then incubated with EdU (10 M) for 1 h. C, representative images of EdU (green) incorporation into cardiomyocyte (cTnT, red) nuclei (DAPI, blue). Arrows indicate EdU ϩ cardiomyocytes. D, percentage of EdU-positive cardiomyocytes (n ϭ 3). Data are mean Ϯ S.D. ***, p Ͻ 0.001.
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reentry with roscovitine ( Fig. 2 , C and D) profoundly repressed DOX-induced PARP cleavage ( Fig. 3A ), suggesting that S phase reentry enhanced the sensitivity of cardiomyocytes to DOX cytotoxicity. Surprisingly, treatment with roscovitine for 24 h also reduced CDK2 protein levels ( Fig. 3A ). Cell viability as measured by MTT assay revealed that roscovitine significantly increased cell viability following DOX treatment ( Fig. 3B ). It has been shown that roscovitine exhibits synergistic antitumor activity with DOX in a p53-mutant triple-negative breast cancer xenograft model only when administered sequentially before DOX (17). However, roscovitine was able to protect against DOX-induced cardiomyocyte apoptosis regardless of the treatment order ( Fig. S2A ). DOX-induced apoptosis was also suppressed by the second-generation CDK inhibitor dinaciclib ( Fig. S2B ). To determine whether selective inhibition of CDK2 is sufficient for protection, NRCMs were pretreated with CDK2 inhibitor II (CDK2i), a specific small-molecule inhibitor for CDK2. As expected, cell viability following DOX exposure was significantly higher in the CDK2i-treated group than in the vehicle control ( Fig. S2C ).
To further determine whether CDK2 is necessary for DOXinduced cardiomyocyte apoptosis, specific siRNAs were used to silence both isoforms of CDK2 in NRCMs (Fig. 3C ). Knockdown of CDK2 significantly inhibited DOX-induced cleavage of PARP and caspase 3, suggesting that CDK2 is necessary for DOX-induced cardiomyocyte apoptosis. TUNEL reactivity was also significantly reduced in CDK2-depleted cells following DOX treatment ( Fig. 3D ). An MTT assay revealed that CDK2 depletion moderately but significantly increased cell viability after incubation with DOX for 24 h (Fig. S2D ). In addition, silencing of CDK2 also markedly repressed PARP cleavage in response to DOX treatment in H9c2 cells (Fig. S2E ).
Overexpression of CDK2 accelerated DOX-induced apoptosis
To determine whether activation of CDK2 would augment DOX-induced apoptosis, NRCMs were transfected with plasmids expressing p33 or p39 CDK2 prior to treatment with DOX for 8 h. Overexpression of both isoforms of CDK2 significantly enhanced DOX-induced PARP cleavage ( Fig. 4A ). It is noteworthy that overexpression of CDK2 did not spontaneously induce apoptosis in the absence of DOX, suggesting that CDK2 is necessary but not sufficient for DOX-induced apoptosis. In agreement with these findings, immunofluorescent staining revealed that exogenous p39 or p33 CDK2 frequently colocalized with TUNEL signals (Fig. 4B ), indicating that cells with high CDK2 levels were more sensitive to DOX-induced apoptosis. Indeed, overexpression of CDK2 in NRCMs significantly 
CDK2 inhibition alleviates doxorubicin cardiotoxicity
increased TUNEL-positive nuclei following DOX treatment ( Fig. 4C ).
DOX induced cardiomyocyte apoptosis through up-regulation of Bim
It has been shown that myocardial ischemia-induced cardiomyocyte apoptosis is mediated by the pro-apoptotic BH3only protein Bim (18). To determine whether Bim is involved in DOX-induced cardiotoxicity, we first examined Bim expression in the mouse heart following DOX injection. Western blotting revealed that injection of DOX at 5 mg/kg ( Fig. 5A ) or 20 mg/kg ( Fig. S3 ) significantly increased the protein level of Bim. Similarly, NRCMs treated with DOX also exhibited an increase in Bim expression ( Fig. 5B ). Up-regulation of Bim protein was accompanied by an increase in Bim mRNA abundance (Fig. 5 , C and D), indicating that DOX treatment likely enhanced transcription of Bim. To test whether Bim mediates DOX-induced apoptosis, NRCMs were transfected with Bim siRNAs prior to challenge with DOX. As shown in Fig. 5E , silencing of Bim markedly reduced PARP cleavage, suggesting that Bim is necessary for DOX-induced cardiomyocyte apoptosis.
DOX-induced Bim expression depended on CDK2 activation
We reported previously that Bim expression was repressed by overexpression of the CDK inhibitor p21 (7) , but the mechanisms remain unclear. Intriguingly, overexpression of p39 or p33 CDK2 significantly increased the protein level of Bim in response to DOX treatment ( Fig. 6A ). Immunofluorescent staining further revealed that the Bim signal intensity was strongly enhanced by ectopic expression of both isoforms of CDK2 ( Fig. 6B ). To determine whether CDK2 is necessary for DOX-induced Bim expression, NRCMs were transfected with CDK2 siRNA prior to treatment with DOX for 4 h. Knockdown of CDK2 significantly reduced the protein level of Bim (Fig. 6C ). Semiquantitative and quantitative RT-PCR both revealed that DOX-induced up-regulation of Bim mRNA was almost com- 
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pletely abolished by CDK2 depletion (Fig. 6, D and E) , indicating that CDK2 is likely necessary for DOX-induced Bim transcription. Moreover, pharmacologic inhibition of CDK2 activity with roscovitine significantly reduced the Bim protein level following DOX treatment (Fig. 6F ), further supporting a critical role of CDK2 activation in DOX-induced expression of the pro-apoptotic protein Bim.
Inhibition of CDK2 with roscovitine suppressed DOX-induced mitochondrial damage
It is known that Bim mediates mitochondrial depolarization in a variety of cell types (19) . To determine whether CDK2-dependent expression of Bim results in mitochondrial dysfunction, NRCMs were treated with DOX for 48 h in the presence of the CDK inhibitor roscovitine. The mitochondrial membrane potential (⌬⌿m) was then evaluated by staining with JC-1, which enters energized mitochondria and forms aggregates (red fluorescence) in healthy cells but remains in monomeric form (green fluorescence) in cells with low ⌬⌿m. Mitochon-drial depolarization, calculated as the ratio of green to red fluorescence intensity, was robustly induced by DOX stimulation (Fig. 7) . Interestingly, pretreatment with roscovitine markedly suppressed DOX-induced mitochondrial depolarization ( Fig.  7 ), suggesting that pharmacologic inhibition of CDK2 preserved mitochondrial integrity in response to DOX treatment, likely by repressing Bim expression.
CDK2 inhibition protected against DOX-induced cardiomyopathy
To determine whether pharmacologic inhibition of CDK2 attenuates DOX-induced cardiomyopathy, mice received i.p. injections of DOX (5 mg/kg/week for 4 weeks) to induce chronic cardiotoxicity as well as an initial roscovitine injection (50 mg/kg/day) on the same day with DOX, followed by 3 more daily maintenance injections (Fig. 8A ). In agreement with previous findings (11, 14) , DOX injection induced a progressive decline in ejection fraction and fractional shortening (Fig. 8, B  and C) . In contrast, left ventricular systolic function in roscovi- 
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tine-treated animals was preserved after chronic DOX administration. DOX-induced myocardial fibrosis was also suppressed by roscovitine ( Fig. 8D ). Compared with vehicle groups, long-term DOX injection significantly reduced body weight, which, however, was not altered by roscovitine treatment (Fig. S4 ). In summary, administration of the CDK inhibitor roscovitine alleviated DOX-induced cardiac dysfunction and ventricular remodeling.
Discussion
Loss of cardiomyocytes because of apoptosis has been suggested as a major cause of cardiomyopathy and heart failure in cancer patients who have received anthracycline antineoplastic agents (3) (4) (5) . In this study, we demonstrated that the anthracycline DOX induced cardiomyocyte apoptosis through activation of CDK2, which mediated expression of the pro-apoptotic protein Bim, resulting in mitochondrial depolarization and ventricular systolic dysfunction (Fig. 8E) . This is the first study to identify CDK2 as a critical mediator of DOX-induced cardiotoxicity.
Cyclin-CDK complexes are best known for regulating cell cycle progression and cell proliferation. Specifically, CDK2 activity remains high throughout S phase; it binds to cyclin E to trigger G 1 /S transition and pairs with cyclin A to regulate S phase progression and completion. Although adult mammalian cardiomyocytes are traditionally viewed as post-mitotic cells with minimal cell cycle activity, recent evidence revealed that the majority of human cardiomyocytes undergo active DNA synthesis, a hallmark of cell cycle S phase, to become polyploid until the third decade of life (20, 21) . Moreover, myocardial infarction triggered adult cardiomyocyte cell cycle reentry and resulted in extensive DNA synthesis (10). These findings sug- Figure 6 . DOX-induced Bim expression depended on CDK2 activation. A and B, NRCMs were transfected with EGFP, Myc-p39 CDK2, or HA-p33 CDK2 before treatment with DOX (1 M) for 8 h (n ϭ 3). A, Bim protein level was evaluated by Western blotting. One-way ANOVA with Tukey test; *, p Ͻ 0.05 versus EGFP. B, immunofluorescence staining for Myc or HA tags (green), Bim (red), and nuclei (DAPI, blue). Exogenous p39 CDK2-or p33 CDK2-expressing cells exhibited stronger Bim immunoreactivity than EGFP-expressing cells or nontransfected cells. C, NRCMs were transfected with siControl or siCDK2 prior to treatment with DOX (1 M) for 24 h (n ϭ 3). Cell lysates were immunoblotted using the indicated antibodies, with ␤-actin as a loading control. Two-tailed Student's t test. **, p Ͻ 0.01 versus siControl. D and E, Bim mRNA levels were evaluated using semiquantitative RT-PCR (D) and qRT-PCR (E) in NRCMs transfected with siCDK2, followed by treatment with DOX (1 M) for 4 h (n ϭ 3). Two-way ANOVA with Sidak test. **, p Ͻ 0.01. F, NRCMs were treated with DOX (1 M) for 4 h in the presence of the CDK inhibitor roscovitine (50 M, n ϭ 3). Cell lysates were immunoblotted using the indicated antibodies. Two-tailed Student's t test; **, p Ͻ 0.01 versus vehicle.
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gest that CDK2, the primary driver of G 1 /S transition, is likely still functional in the adult heart and may have promising potential to be harnessed to promote cardiomyocyte proliferation and myocardial regeneration following cardiac injury. Indeed, heart-specific overexpression of CDK2 resulted in a more than 100-fold increase in bromodeoxyuridine-labeled nuclei and a 5-fold increase in the proportion of mononuclear cardiomyocytes (22) . Interestingly, overexpression of CDK2 induced concomitant expression of cyclin E and cyclin A through an unknown mechanism (22) . Moreover, cardiomyocyte-specific transgenic expression of cyclin A induced postnatal mitosis and significant heart hyperplasia after 6 months of age (23) . Delivery of a cyclin A adenovirus into an infarcted porcine heart improved cardiac contractile function, which was associated with cardiomyocyte regeneration through cytokinesis (24) . Collectively, these studies suggest that elevated CDK2 activity provokes DNA synthesis and cell cycle reactivation in cardiomyocytes.
Compared with the large amount of information about cardiomyocyte cell cycle progression, much less is known regard-ing the role of cyclin-CDK complexes in apoptotic death of cardiomyocytes. Somewhat surprisingly, up-regulation of cyclins and CDKs was associated with both myocardial regeneration and apoptosis in failing hearts in mice and humans (25) . The pro-apoptotic role of CDK2 was more directly shown in cardiomyocytes exposed to hypoxia, which increased cyclin A-CDK2 activity and induced apoptosis (26) . Further studies revealed that hypoxia-induced apoptosis was enhanced by overexpression of cyclin A but attenuated by dominant-negative CDK2 (26) . Mechanistically, CDK2 mediated hypoxia-induced apoptosis by hyperphosphorylation and inactivation of retinoblastoma protein (RB1), leading to derepression of E2F-dependent transcription of pro-apoptotic genes, including caspase 3 and caspase 7 (27, 28) . In this study, we showed that DOX treatment induced cardiomyocyte apoptosis through CDK2 activation. Our data are in agreement with most recent findings that activation of CDK2 by the DNAdamaging anticancer drug cisplatin results in cochlear cell apoptosis and hearing loss in rodents (29) . Taken together, these findings suggested that CDK2 inhibition may have broad therapeutic applications against cancer treatmentrelated normal tissue toxicity.
The pro-apoptotic roles of both CDK2 isoforms in our study were supported by previous findings that the p39 isoform, produced through alternative splicing, exhibited similar cellular functions as p33 CDK2, albeit with ϳ50% lower activity (30) . Recent evidence suggests that the two CDK2 isoforms differ in their binding partners and expression patterns (31) . Indeed, DOX treatment induced a transient increase in p33 and prolonged expression of p39 in cardiomyocytes. One potential mechanism underlying DOX-induced CDK2 activation is through checkpoint kinase 1 (Chk1)-dependent phosphorylation of CDK2 at Thr-160 (12) . Second, caspase activity has been shown to be necessary for CDK2 activation during apoptosis, hypothetically via proteolytic destruction of CDK-inhibitory regulators (32) . Finally, we demonstrated previously that longterm DOX treatment results in proteasomal degradation of the CDK inhibitor p21 (7) , which may potentially contribute to CDK2 activation as well.
By using both loss-and gain-of-function approaches, we convincingly showed that CDK2 activation is necessary for DOXinduced transcriptional up-regulation of the pro-apoptotic BCL2 family member Bim. Potential transcription factors involved in Bim expression may include FOXO1 (33) , which has been shown to be phosphorylated by CDK2 at Ser-249 (34) . The mechanisms of Bim-dependent apoptosis initiation remain subjects for active investigation. It has been shown that the BH3-only proteins, including Bid, Bim, and Puma, mediate Bax/Bak homo-oligomerization, resulting in mitochondrial outer membrane permeabilization and, thereby, cytochrome c-dependent activation of caspases (35) . The pro-apoptotic functions of BH3-only proteins are nonredundant, with Bim preferentially activating Bax and Bid preferentially activating Bak (19) . A recent study suggested that the BH3-only proteins initiate mitochondrial apoptosis not through direct activation of Bax/Bak but by interacting and neutralizing the anti-apoptotic BCL2 family members Bcl-xL and Mcl-1, allowing Bax/Bak to be released and become activated (36). 
A major concern for all cardioprotective strategies against chemotherapy toxicity is the potential of interfering with the antitumor activity. Although our data suggested that genetic or pharmacologic inhibition of CDK2 attenuated DOX-induced cardiotoxicity, the same strategy has been shown to potentiate DOX anticancer efficacy in a variety of cancer cell lines by hindering DNA repair (37) , inducing autophagy (38) , or triggering apoptosis (39) . Compared with DOX alone, combined treat-CDK2 inhibition alleviates doxorubicin cardiotoxicity ment with roscovitine and DOX significantly reduced tumor volume and improved survival in breast cancer xenograft models (17, 40) . In addition to roscovitine, synergistic antitumor activity has also been observed between DOX and additional CDK inhibitors (41) (42) (43) . Taken together, these findings suggest that inhibition of CDK2 could be a promising strategy to synergistically enhance the antitumor efficacy of DOX and concomitantly alleviating DOX-related cardiotoxicity.
In summary, our study identified CDK2 activation as a critical mechanism underlying DOX-induced cardiomyocyte apoptosis and ventricular dysfunction. The pro-apoptotic effect of CDK2 was associated with elevated cellular levels of the BH3only protein Bim through enhanced transcription. These results suggest that pharmacologic inhibition of CDK2 could represent a novel strategy in clinical management of cancer treatment-related cardiotoxicity.
Experimental procedures
Animals C57BL/6 mice and Sprague-Dawley rats were purchased from Envigo and were housed in the campus vivarium accredited by the American Association for Accreditation of Laboratory Animal Care. All procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at Washington State University and conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (8th edition, 2011).
Neonatal rat cardiomyocyte isolation and H9c2 cell culture
NRCMs were isolated from 2-to 4-day-old Sprague-Dawley rats using a neonatal cardiomyocyte isolation system (Worthington Biochemical Corp.) as described previously (7) . In brief, animals were euthanized by CO 2 inhalation, and heart tissue was digested in 50 g/ml trypsin at 4°C overnight, followed by 100 units/ml collagenase at 37°C for 45 min to release cardiomyocytes. Cells were plated on 0.2% gelatin-coated dishes in medium 199 supplemented with 15% fetal bovine serum, 0.5% penicillin/streptomycin, and bromodeoxyuridine (100 M) to eliminate proliferating nonmyocytes. After 24 h, cells were washed with PBS twice and serum-starved prior to transfection or drug treatment. H9c2 cells were purchased from the ATCC (CRL-1446) and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 0.5% penicillin/streptomycin.
Plasmid and siRNA transfection
NRCMs were transfected with EGFP, Myc-p39 CDK2 (Origene, MR205214), or HA-p33 CDK2 (Addgene, 1884) plasmids using TransIT-LT1 transfection reagent (Mirus Bio) or specific siRNAs using HiPerfect transfection reagent (Qiagen) according to the manufacturers' instructions. H9c2 cells were transfected with siRNAs in serum-free Dulbecco's modified Eagle's medium using DharmaFECT 1 transfection reagent (Dharmacon). The siRNA sequences used were as follows: CDK2 siRNA, GGUGAAAGACACUUGAAUU 
Western blotting
Protein lysates were extracted from cultured cells using radioimmune precipitation assay buffer supplemented with 1% protease inhibitor and 1% phosphatase inhibitor (Thermo Scientific), electrophoresed through SDS-polyacrylamide gels, transferred to polyvinylidene difluoride membranes, and blotted with the following antibodies: rabbit anti-phospho-CDK2 (Thr-160, Cell Signaling Technology, 2561, 1:1000), rabbit anti-CDK2 (sc-163, Santa Cruz Biotechnology, 1:1000), rabbit anti-PARP (9542, Cell Signaling Technology, 1:1000), rabbit anti-caspase 3 (9662, Cell Signaling Technology, 1:500), rabbit anti-Bim (2933, Cell Signaling Technology, 1:1000), rabbit anti-GAPDH (sc-25778, Santa Cruz Biotechnology, 1:1000), and mouse anti-␤-actin (sc-47778, Santa Cruz Biotechnology, 1:1000).
Immunofluorescence and TUNEL staining
Mouse heart paraffin sections were subjected to antigen retrieval in 10 mmol/liter citrate (pH 6.0). Cells were fixed with 4% paraformaldehyde, permeabilized with freshly made permeabilization solution (0.1 M glycine and 0.1% Triton X-100 in PBS), and incubated with the following antibodies at 4°C overnight: rabbit anti-Bim (2933, Cell Signaling Technology, 1:50), mouse anti-cardiac Troponin T (MS-295-P, Thermo Scientific, 1:100), rabbit anti-CDK2 (sc-163, Santa Cruz Biotechnology, 1:50), rabbit anti-phospho-CDK2 (Thr-160, sc-101656, Santa Cruz Biotechnology, 1:50), rabbit anti-phospho-CDK2 (Thr-160, Abcam, ab194868, 1:50), mouse anti-Myc (2276, Cell Signaling Technology, 1:100), and mouse anti-HA (sc-7392, Santa Cruz Biotechnology, 1:50). TUNEL staining was performed using an in situ cell death detection kit (Roche Applied Science) according to the manufacturer's instructions.
In vitro CDK2 kinase assay
NRCMs were lysed in ice-cold radioimmune precipitation assay base buffer (50 mM HEPES, 150 mM NaCl, 2 mM EDTA, 0.5% sodium deoxycholate, and 1% Nonidet P-40 (pH 7.2)) supplemented with Halt protease and phosphatase inhibitors For each 4-week series, roscovitine (50 mg/kg/day, i.p.) or a carrier solution control was administered 1 h before either DOX or saline and for the next 3 consecutive days. Animals were randomized into four groups: salineϩcarrier, n ϭ 4; salineϩroscovitine, n ϭ 4; DOXϩcarrier, n ϭ 5; DOXϩroscovitine, n ϭ 5. B and C, heart function was assessed weekly using echocardiography. B, representative short-axis echocardiograms before initial DOX injection and at the end of the study. C, ventricular systolic function was preserved in roscovitine-treated mice compared with the carrier group following DOX injection. Two-way ANOVA with Sidak test; *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 DOXϩcarrier versus salineϩcarrier; #, p Ͻ 0.05; ###, p Ͻ 0.001 DOXϩroscovitine versus DOXϩcarrier. D, myocardial fibrosis was evaluated by Masson trichrome staining. DOX-induced collagen accumulation (blue, arrows) was significantly attenuated by roscovitine. Two-way ANOVA with Sidak test; *, p Ͻ 0.05; ***, p Ͻ 0.001. E, schematic summary of the role of CDK2 in DOX-induced cardiotoxicity. DOX treatment induces CDK2-dependent Bim expression, leading to mitochondrial damage, cardiomyocyte apoptosis, and, eventually, ventricular dysfunction. Pharmacologic inhibition of CDK2 suppresses DOX-induced cardiotoxicity. (Thermo) . Protein lysates were immunoprecipitated with mouse anti-CDK2 (sc-6248, Santa Cruz Biotechnology) using Dynabeads protein G (Thermo). The immunoprecipitates were then incubated with native histone H1 substrate and ATP in reaction buffer (40 mM Tris (pH 7.5), 20 mM MgCl 2 , 0.1 mg/ml BSA, and 50 M DTT) at room temperature for 10 min, and kinase activity was examined with the ADP-Glo kinase assay kit (Promega) according to the manufacturer's protocol. For the cell-free kinase assay, the CDK2/cyclin A2 kinase enzyme system (Promega), composed of recombinant full-length human CDK2/cyclin A2, histone H1 substrate, and ATP, was incubated with the indicated concentrations of DOX, and kinase activity was again assessed with the ADP-Glo kinase assay kit.
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EdU incorporation assay
Cells were incubated with EdU (10 M) for 1 h, fixed with 3.7% formaldehyde, permeabilized with 0.5% Triton X-100, and stained with the Click-iT EdU Alexa Fluor 488 imaging kit (Thermo Fisher Scientific) according to the manufacturer's instructions. Nuclei were labeled with Hoechst 33342 (5 g/ml). EdU incorporation was visualized using a confocal laser-scanning microscope (Leica).
Cell cycle analysis
Cells were trypsinized, fixed with cold 70% ethanol, permeabilized with 0.1% Triton X-100, and stained with 7-amino-actinomycin D (1 g/ml) for 30 min on ice. Cellular DNA content was measured using a Beckman Coulter Gallios flow cytometer, and the cell cycle profile was analyzed with Kaluza software.
Cell viability assay
NRCMs plated at 50,000 cells/well in a 96-well plate were transfected with specific siRNAs or pretreated with the indicated pharmacological inhibitors prior to treatment with DOX as indicated. Cell viability was assessed using Cell Proliferation Kit I (MTT, Roche), and absorbance at 562 nm was measured using a Synergy NEO microplate reader (Biotek).
Semiquantitative RT-PCR and quantitative RT-PCR
Total RNA was extracted from cells using the E.Z.N.A. Total RNA Kit I (Omega Bio-tek), and 500 ng of total RNA was reverse-transcribed into single-stranded cDNA using the iScript cDNA synthesis kit (Bio-Rad). For semiquantitative PCR reactions, 50 ng of cDNA per reaction was subjected to the following programs: (18 cycles) 94°C 30 s, 58°C 30 s, 72°C 20 s for 18S rRNA; (26 cycles) 94°C 30 s, 55°C 30 s, 72°C 20 s for Bim. Quantitative PCR was performed using Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific) with 18S rRNA as an internal control. Primer sequences were as follows: Bim, 5Ј-CCATGAGTTGTGACAAGTCAACAC-3Ј and 5Ј-GATCTTCAGGTTCCTCCTGAGACTG-3Ј; p33 CDK2, 5Ј-CATCTTTGCCGAAATGGTGACC-3Ј and 5Ј-TGGCCA-AACCACCTCATCTG-3Ј; p39 CDK2, 5Ј-CATCTTTGCCG-AAATGCACCTAG-3Ј and 5Ј-TCCTTGTGATGCAGCC-ACTTC-3Ј; 18S rRNA, 5Ј-TGACTCAACACGGGAAACCT-CAC-3Ј and 5Ј-ATCGCTCCACCAACTAAGAACGG-3Ј.
Subcellular fractionation
Subcellular fractionation was carried out as described previously (7) . Briefly, cells were collected in isolation buffer (190 mM D-mannitol, 70 mM sucrose, 20 mM HEPES, and 0.2 mM EDTA) and homogenized in a glass Teflon homogenizer. The nuclear fraction was separated by centrifugation at 600 ϫ g for 10 min, and the cytosolic fraction was obtained by recentrifugation of the supernatant at 20,000 ϫ g for 60 min.
Measurement of mitochondrial membrane potential
⌬⌿m was assessed using the JC-1 mitochondrial membrane potential assay kit (Cayman Chemical). Following incubation with JC-1, healthy mitochondria with high ⌬⌿m appeared red (color of J-aggregates), and damaged mitochondria with low ⌬⌿m appeared green (color of JC-1 monomers). Loss of ⌬⌿m was defined as an increase in the fluorescence intensity ratio of JC-1 monomers to J-aggregates.
In vivo studies
For the chronic DOX cardiotoxicity model, 8-to 12-weekold male C57BL/6 mice received weekly injections of DOX (5 mg/kg, i.p., LC Laboratories) for 4 weeks to reach a cumulative dose of 20 mg/kg as described previously (11), with an equal volume of saline as a control. Roscovitine was first dissolved in DMSO at 500 mg/ml and then diluted to 25 mg/ml in a carrier solution containing 10% Tween 80, 20% N-N-dimethylacetamide, and 70% PEG 400. Roscovitine (50 mg/kg/day, i.p., LC Laboratories) or carrier solution was administered for 4 consecutive days/week for 4 weeks based on a previous study (17) . Animals were randomized to receive saline ϩ carrier, saline ϩ roscovitine, DOX ϩ carrier, or DOX ϩ roscovitine. For each week, DOX was administered 1 h after the first roscovitine injection. Weekly echocardiography was performed before and after DOX injection throughout the study period using the VisualSonics VEVO 2100 imaging system equipped with a 55-MHz MS550S transducer. Animals were euthanized via CO 2 inhalation 2 weeks after the last DOX injection. Myocardial fibrosis was stained with Masson trichrome (Sigma, HT10516) according to the manufacturer's instructions. For molecular and cellular analyses, a separate cohort of mice was sacrificed 24 h after injection of DOX (5 mg/kg or 20 mg/kg, i.p.).
Statistical analysis
Statistical analysis was performed using GraphPad Prism 7.02. All data are expressed as mean values Ϯ S.D. Statistical comparisons between two groups were performed using twotailed Student's t test. One-way analysis of variance (ANOVA) followed by Tukey post hoc test or two-way ANOVA followed by Sidak test was used for multiple group comparisons as appropriate. A value of p Ͻ 0.05 was considered statistically significant.
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